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A practical approach to cerebral near‐infrared spectroscopy 
(NIRS) directed hemodynamic management in noncardiac 
pediatric anesthesia



















Safeguarding	cerebral	 function	 is	of	major	 importance	during	pediatric	anesthesia.	




ebral	oxygenation	 (c‐rSO2).	However,	NIRS	monitoring	 is	 seldom	used	during	non‐
cardiac	pediatric	anesthesia.	Despite	compelling	evidence	that	blood	pressure	does	





dedicated	 to	 a	 clinical	 introduction	 to	NIRS	monitoring.	Despite	 scientific	 efforts,	
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In	 a	 case	 series,	McCann	 et	 al	 delineated	 the	 development	 of	









fusion	with	 low	 blood	 pressure.	 However,	 arterial	 blood	 pressure	
(BP)	 is	 no	more	 than	one	of	 the	 factors	 contributing	 to	 the	main‐
tenance	 of	 cerebrovascular	 autoregulation	 and	 is	 not	 a	 surrogate	
for	cerebral	perfusion	or	tissue	perfusion	in	general	(see	Figure	1).	








with	 standard	monitoring	 parameters,	 cerebral	 NIRS	 provides	 the	






centers	 and	 neonatology	 units,	NIRS	monitoring	 is	 not	 yet	widely	
applied	in	children	undergoing	noncardiac	surgical	procedures.	The	




techniques,	 such	 as	 thoracoscopic	 repair	 of	 congenital	 diaphrag‐
matic	hernia	or	esophageal	atresia.18‐20
The	 aim	 of	 this	 article	 is	 threefold:	 Firstly,	we	 give	 a	 practical	
introduction	 to	 near‐infrared	 spectroscopy	 (NIRS)	 in	 pediatric	 pa‐
tients.	Secondly,	we	present	our	approach	to	managing	hemodynam‐
ics	and	maintaining	adequate	cerebral	perfusion/tissue	oxygenation,	
using	 regional	 cerebral	 tissue	 oxygenation	 (c‐rSO2)	 measured	 by	
NIRS	 as	 the	 central	 target	 parameter.	 Finally,	 we	 shall	 share	with	
you	our	thoughts	about	the	future	of	NIRS	monitoring	in	pediatric	
anesthesia.
2  | A PR AC TIC AL INTRODUC TION TO 
NE AR‐INFR ARED SPEC TROSCOPY (NIRS)




tion.	As	 opposed	 to	 ultraviolet,	 infrared,	 and	 visible	 light,	 near‐in‐












emitted	 photons	 are	 partly	 absorbed	 by	 optical	 pigments,	 among	
them	hemoglobin.	Depending	on	the	degree	of	oxygenation,	the	re‐
sultant	NIR	spectrum	changes	and	reflected	photons	are	returned	to	
the	 tissue	 surface	after	 reflection,	where	 superficial	NIR	 radiation	
detectors	are	 integrated	into	the	NIRS	sensor.	Device	manufactur‐






F I G U R E  1  Standard	continuous	anesthesia	monitoring	
parameters	contributing	to	cerebral	regional	oxygen	saturation	(c‐
rSO2)	[Colour	figure	can	be	viewed	at	wileyonlinelibrary.com]







Currently,	NIRS	 is	mostly	used	 to	monitor	 cerebral	 tissue	oxy‐
genation.	In	a	pediatric	study,	Watzman	et	al28	found	mean	arterial	
and	 venous	 contributions	 to	 c‐rSO2	 of	 16	 ±	 21%	 and	 84	 ±	 21%,	
respectively.	 Manufacturers	 have	 integrated	 algorithms	 into	 their	
monitors	which	assign	70%‐75%	of	the	scanned	blood	volume	to	the	
venous	compartment.29	This	does	not	mean	that	current	NIRS	mon‐
itors	 are	 capable	 of	measuring	 arteriovenous	 partitioning.	 In	 their	
2014	review	article,	Scott	and	Hoffman30	describe	NIRS	monitoring	
as	a	 tool	providing	 “non‐invasive	continuous	access	 to	 the	venous	
side	of	regional	circulations.”
The	 measurements	 reported	 by	 the	 current	 NIRS	 devices	 are	
expressed	 by	 the	 device	 manufacturers	 as	 either	 regional	 oxy‐
gen	 saturation	 rSO2	 or	 tissue	 oxygenation	 index	 TOI,
31 which are 





2.2 | Parameters contributing to c‐rSO2
Physiological	parameters	known	to	contribute	to	the	cerebral	oxy‐










Continuous	 (non‐invasive)	 measurement	 of	 cardiac	 output,	
though	technically	possible,33,34	has	not	yet	become	common	prac‐

















Anemia	 becomes	 relevant	 for	 c‐rSO2	 when	 hemoglobin	 levels	
































rocytosis	 develops	 resulting	 in	 significantly	 elevated	 hemoglobin	










error	 further	 increases	with	 increasing	 hypoxemia.41	Nonetheless,	
most	of	us	erroneously	accept	the	values	of	the	pulse	oximeter,	no	
matter	how	low	they	are.









oximeter.	 When	 interpreted	 together	 with	 pulse	 oximetry,	 NIRS	
monitoring	 provides	 information	 regarding	 tissue	 oxygen	 delivery	
and	consumption.
High	c‐rSO2	values	can	be	misleading	under	certain	conditions.	
In	 our	 own	 institution,	we	 commonly	 see	 exceptional	 high	 c‐rSO2 
values	 (±90%)	 in	 ventilated	 ICU	patients	 sedated	with	midazolam,	




sizes	 the	 importance	 of	 an	 initial	 baseline	 value,	 preferably	 under	
awake	conditions,	without	any	sedative	drug	effect.
2.5 | Improper use of medical NIRS devices—More 
than just kidneys and vegetables
A	recent	provocatively	humorous	paper	by	Kahn	et	al,42	published	
in	the	Christmas	issue	of	the	European	Journal	of	Anaesthesiology,	
comparing	NIRS	 in	 vegetables	 and	humans	 is	 certainly	 one	of	 the	
most	extreme	examples	of	 improper	use	of	medical	NIRS	technol‐
ogy.	Though	certainly	not	meant	to	be	regarded	as	serious	research	











unintentional	 improper	 use	 of	 medical	 NIRS	 devices45:	 Currently,	
commercially	 available	 NIRS	 monitors	 have	 their	 algorithms	 pro‐
grammed	 to	 exclude	 the	most	 superficially	 reflected	photons,	 be‐
cause	 they	 represent	 bone	 or	 cartilage	 tissue	 rather	 than	 brain	
tissue.	Using	NIRS	sensors	designed	for	brain	monitoring	for	moni‐
toring	somatic	tissue	oxygenation	(where	there	is	no	superficial	bone	
layer)	may	 result	 in	 invalid	NIRS	values.	Fortunately,	NIRS	devices	
with	 specific	 somatic	 measurement	 algorithms	 have	 recently	 be‐
come	available	for	routine	clinical	use.
The	distance	between	 the	 light	 source	 and	 the	 light	 detecting	






values	 measured	 by	 different	 device‐sensor	 combinations	 in	 the	
same	neonatal	head	phantom.	According	 to	Wallin	 and	Lönnqvist,	





2.6 | The ongoing search for c‐rSO2 normal 
















abolic	 dysfunction.	 Another	 animal	 study	 performed	 by	 Kurth	 et	
al53	 showed	 that	brain	 tissue	 injury	depends	on	both	severity	and	




c‐rSO2	45%;	 then,	 the	 incidence	of	brain	 injury	 increased	15%	per	










to	 represent	 the	 anaerobic	 threshold.55	 The	 authors	 of	 this	 study	
specifically	concluded	that	even	c‐rSO2	values	>50%	are	not	neces‐
sarily	reassuring.
Pellicer	 et	 al	 recommended	 a	 nonindividualized	 c‐rSO2	 target	
range	 between	 55%	 and	 58%	 for	 extremely	 premature	 infants,56 
which	was	intended	to	avoid	both	cerebral	hypoxia	and	hyperoxia.	
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Stolwijk	et	al	adopted	this	recommendation	 in	a	case	series	of	ne‐





c‐rSO2	 values,	 serving	 as	 an	 intervention	 threshold,	 could	 not	 be	
reached.





validated	 nonindividualized	 lower	 c‐rSO2	 safety	margins	 available,	
in	 these	 cases	 interpretation	 of	NIRS	 values	 is	 problematic,	 apart	
from	extremes;	that	is	a	c‐rSO2	value	of	30%,	usually	accompanied	





2.8 | NIRS and patient outcome
Cerebral	NIRS	monitoring	has	been	used	in	pediatric	cardiac	anes‐
thesia	 for	more	 than	 two	decades.	While	some	centers	 integrated	
c‐rSO2	 monitoring	 into	 their	 clinical	 protocols	 of	 perioperative	


















a	 decrease	 of	 intraoperative	 c‐rSO2	 values	 of	 less	 than	20%	 from	
awake	baseline	was	associated	with	negative	behavioral	changes	on	
postoperative	day	7.
Large	 scale	 pediatric	 anesthesia	 studies	 addressing	 NIRS	 and	




injury	 in	 extreme	 premature	 neonates	 should	 recruit	 about	 4000	













3  | NIRS‐DIREC TED HEMODYNAMIC 





accepted	 that	 NIRS‐derived	 c‐rSO2	 is	 a	 reliable	 non‐invasive	 sur‐
rogate	 parameter	 of	 the	 cerebral	 oxygen	 supply/demand	 balance.	
Other	 parameters,	 among	which	 blood	pressure,	 heart	 rate,	 SaO2,	
and PaCO2,	 significantly	contribute	to	cerebral	perfusion,	but	 they	
provide	no	good	estimate	of	cerebral	perfusion.	Simultaneous	inter‐


















concept	 is	 to	keep	 the	child's	cerebral	oxygenation	within	a	 range	
of	c‐rSO2	values	which	we	know	to	be	safe,	which	means	higher	than	










ment	 is	 quite	 straight	 forward:	 The	 child	 is	 attached	 to	 the	NIRS	
monitor	prior	 to	 induction	of	anesthesia	 to	obtain	an	awake	base‐
line	 value.	 This	 baseline	 value	 is	 considered	 to	 reflect	 adequate	














During	 induction	 of	 anesthesia,	 immediately	 after	 loss	 of	 con‐





usually	 significantly	 faster	 than	 standard	 monitoring	 parameters,	
serving	both	as	an	early	warning	sign	and	as	an	immediate	feedback	




induction	 compared	 to	 the	maintenance	period.	Reduced	 cerebral	
metabolism	under	anesthesia	maintenance	conditions	usually	results	
in	 c‐rSO2	 values	 slightly	 (±5%‐10%)	higher	 than	 awake	baseline.	A	











Preoperative	 fluid	 deficits	 should	 also	 be	 compensated,	 but	 in	
our	experience	a	fluid	bolus	alone	is	seldom	enough	to	re‐establish	





baseline,	 regardless	 of	 circumstances,	 including	 epidural	 analgesia	
and	anesthetic	drug	effects	on	vascular	tone	and/or	cardiac	output	
in	almost	all	patients.
In	 our	 institution,	 we	 currently	 use	 cerebral	 NIRS	 monitoring	
in	noncardiac	 surgical	neonates	and	other	patients	assumed	 to	be	
at	high	risk	of	 impaired	cerebral	perfusion	during	the	course	of	an	
anesthetic,	 including	 the	 period	 before	 surgical	 incision	 and	 the	
emergence	period.	While	NIRS	monitoring	in	(preterm)	neonates	has	
become	a	standard	of	care	in	our	institution,	we	do	not	yet	have	a	
clinical	 guideline	as	 to	 the	 indication	 for	NIRS	monitoring	 in	older	




In	 terms	of	 evidence‐based	medicine,	 our	Baseline‐Bottomline	
approach	 is	 no	more	 than	 a	 level	 III	 recommendation.	 It	may	 also	
be	 regarded	as	 too	 conservative.	Critics	may	 argue	 that	 there	 are	
no	 scientific	 data	 supporting	 our	 strategy,	 which	 is	 not	 entirely	









atric	 anesthesia	 community,	 there	 are	 both	 NIRS	 enthusiasts	 and	
F I G U R E  2  NIRS	direct	hemodynamic	management—the	
“Baseline‐Bottomline	approach”	[Colour	figure	can	be	viewed	at	
wileyonlinelibrary.com]
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sceptics.	Even	 in	our	own	 institution,	not	all	pediatric	anesthetists	
rely	 on	NIRS	monitoring.	Being	NIRS	 enthusiasts,	we	have	 to	 dis‐
close	a	bias	in	favor	of	the	use	of	NIRS	monitoring	in	pediatric	pa‐
tients,	while	we	tried	to	adequately	address	the	relevant	limitations	
and	 shortcomings	 of	 this	 technology	 There	 is	 an	 urgent	 need	 for	




4  | THE FUTURE: MULTISITE NIRS 





Renal	 rSO2	 values	 simultaneously	 recorded	 with	 c‐rSO2 may 




Fractional	 regional	 tissue	 oxygen	 extraction	 [FTOE	 =	 (SaO2‐
rSO2)/SaO2]	 is	 a	 composite	 parameter	 reflecting	 the	 balance	 be‐
tween	oxygen	delivery	and	consumption,20,65,66	which	is	becoming	
increasingly	 popular	 in	 the	 neonatal	 ICU	 setting.	 Until	 now,	 the	
FTOE	 needs	 to	 be	 calculated	 manually.	 Such	 a	 calculation	 would	
distract	 the	 anesthetist's	 attention	 in	 the	 short	 term,	which	 could	
be	 an	 additional	 risk	 to	 the	patient.	NIRS	 technology	 is	 still	 being	
developed	by	the	device	manufacturers.	Algorithms	are	updated	to	
diminish	 the	 amount	 of	 extracerebral	 contamination	 and	 improve	
the	performance	of	somatic	NIRS	measurements.	Furthermore,	 in‐
tegration	with	 standard	 anesthesia	monitoring	 is	 slowly	 emerging	
and	hopefully	automated	calculations	of	composite	parameters,	for	
example	FTOE	will	soon	become	available.
Integration	 of	 other	 emerging	 technologies	 into	 the	 hemody‐






genation	 in	 anesthetized	 children.	Our	 approach	defining	baseline	
awake	 c‐rSO2	 values	 as	 the	 lower	 limit	 is	 fundamentally	 different	
from	previously	 reported	treatment	algorithms	defining	 lower	 lim‐
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